A Chebyshev polynomial discretisation method is used to investigate the effect of both anisotropic (radially and azimuthally) and isotropic surface roughness on the convective instability of the BEK family of rotating boundary-layer flows. The mean-flow profiles for the velocity components are obtained by modelling surface roughness with a partialslip approach. A linear stability analysis is then performed to investigate the effect of roughness on the convective instability characteristics of the inviscid Type I (cross-flow) instability and the viscous Type II instability. It is revealed that all roughness types lead to a stabilisation of the Type I mode in all flows within the BEK family, with the exception of azimuthally-anisotropic roughness (radial grooves) within the Bödewadt layer which causes a mildly destabilising effect. In the case of the Type II mode, the results reveal the destabilising effect of radially-anisotropic roughness (concentric grooves) on all the boundary layers, whereas both azimuthally-anisotropic and isotropic roughness have a stabilising effect on the mode for Ekman and von Kármán layers. Complementary results are also presented by considering the effects of roughness on the growth rates of each instability mode within the Ekman layer.
Introduction
are excited by unavoidable roughnesses on the smooth-disk surface. Since these roughnesses are fixed in time in the rotating frame, stationary disturbances are consistently excited and 32 reinforced such that they are evident in flow-visualizations and quantitative experiments. We 33 also note that travelling Type I modes contribute to the well-known local absolute instability 34 in the entire class of BEK flows 16;28 .
35
Until recently, the literature has focussed on understanding the characteristics of laminar- 
88
The steady-flow formulation is entirely consistent with the related papers of Lingwood coordinate system that rotates with the lower disk. The steady mean-flow profiles can then be shown to be determined by the ODE system
where all the derivatives (denoted by a prime) are with respect to z, the scaled distance through the boundary layer in the wall-normal (i.e. axial) direction. The variables U , V and W are the components in the radial, azimuthal and axial directions, respectively, and P is the pressure.
The parameters Ro and Co are the constant Rossby and Coriolis numbers such that Co = 2 − Ro − Ro 2 and
Bödewadt flow:
Ekman flow:
von Kármán flow:
We proceed to use the MW model 26 to determine the boundary conditions. As discussed
94
in Section 1, this approach modifies the no-slip condition at the disk surface, z = 0, whereas 95 the far-field boundary conditions at the upper edge of the boundary layer are identical to the 96 smooth-disk formulation. In particular, we find that the ODE system (1) is subject to the 97 conditions 98 U = λU , V = ηV and W = 0 at z = 0,
Here the differentiation is again with respect to z and the two parameters η and λ are empirical 99 measures of roughness in the radial and azimuthal directions, respectively. The no-slip boundary 100 conditions of a smooth disk are recovered when λ = η = 0. The particular cases η > 0, λ = 0
101
(concentric grooves) and η = 0, λ > 0 (radial grooves) correspond to radially-and azimuthally-102 anisotropic roughness, respectively, while the case η = λ > 0 corresponds to isotropic roughness.
to boundary conditions (2) at general η and λ,
where A and B are constants given by
For Ro = 0, no such analytical solution exists and a shooting method consistent with the 104 literature 28 is incorporated to solve the governing equations between Ro ∈ [−1, 1].
105
The computed flow profiles for the Ekman layer with lower disk surface roughness are 
130
The effects of each roughness type on the radial jet (which is seen to be the primary response 131 to increasing surface roughness of each boundary layer within the BEK family) are consistent from the axis of rotation (irrespective of the sign of the Rossby number).
152
We proceed with a normal-mode analysis with perturbations given by
Here the radial wavenumber α = α r + iα i ∈ C and the azimuthal wavenumber and frequency 154 β, ω ∈ R. It is assumed that β is O(1) and the number of spiral vortices around the disk surface 155 is given by n = βRe. Furthermore, the orientation angle of the vortices with respect to a circle 156 centred on the axis of rotation is defined as = tan −1 (β/α r ). We set the frequency ω = 0 as 157 we are interested in stationary vortices rotating with the rough disk.
158
The linearised perturbation equations are expressed in the primitive variables of equation (3) as
and are solved directly using a Galerkin projection in terms of Chebyshev polynomials in the 
Results and discussion

184
As expected from the related literature, two instability modes are found to dictate the 185 convective instability properties of all flows within the BEK family with lower surface roughness.
186
The Type I mode arises from the inflectional behaviour of mean-flow components and appears
187
as the upper lobe in Re-α r neutral curves. In contrast, the Type II mode arises from the Table 2 .
254
Note that a detailed discussion of the growth rates for the von Kármán case has been given 
